Introduction
Hypertrophic cardiomyopathy (HCM) is a common inherited heart disease, affecting at least 1 in 500 people. 1 It is defined by the presence of left ventricular hypertrophy (LVH) in the absence of other causal cardiac or systemic conditions. Hypertrophic cardiomyopathy is classically regarded as an autosomal dominant Mendelian disease, though one characterized by variable expressivity and penetrance. 2 The first gene to be linked to HCM (MYH7) was identified in 1989, 3 with its genetic repertoire expanded throughout the 1990s to include a further seven sarcomeric genes (MYBPC3, TNNT2, TPM1, MYL2, MYL3, TNNI3, ACTC1). 4 Pathogenic variants in these genes were identified though linkage studies in multiple large affected pedigrees and the complete segregation of genetic variant with disease phenotype provided definitive evidence of disease association for these genes. More than one thousand variants in these eight sarcomeric genes have since been linked to HCM and the importance and causation of the sarcomeric genes has been irrefutably established. Recent advances in DNA sequencing technologies have fuelled intense research into the genetic aetiology of HCM. Over the last 15 years, almost 250 variants in over 40 additional, mainly nonsarcomeric genes have implicated in HCM, mostly identified through candidate gene research studies involving genes with a hypothetical role in HCM, e.g. those encoding Z-disc and calcium signalling proteins. In these studies, variant pathogenicity has often been inferred on the basis of rarity in small control or population cohorts, sometimes supported by functional validation. Segregation evidence has tended to be limited and restricted to small pedigrees.
In recent years, data from projects such as the 1000 Genomes, the Exome Sequencing Project and in particular the Exome Aggregation Consortium 5 (ExAC) has highlighted that rare protein-altering variation is far more common in the general population than previously thought. As well as demonstrating that many variants reported as pathogenic are present at population frequencies incompatible with dominant, Mendelian variants, 6 they have revealed that individually rare variants are collectively quite common for particular genes. Older studies did not control for this-though individual variants were confirmed as rare, novel candidate genes were seldom fully sequenced in control groups, leaving studies susceptible to false positive disease associations. Demonstrating an overall excess of rare variants across genes in case cohorts is a valuable technique for validating novel genetic associations with Mendelian diseases and likely to be essential for genes to yield interpretable findings in genetic testing.
The ExAC database of 60 706 samples, derived from several different control and common disease cohorts, provides an accurate and increasingly comprehensive representation of genetic variation in the general population and allows us to reassess previous claims of disease associations for HCM. Recently, we compared the level of rare variation between ExAC reference samples and cardiomyopathy cohorts from two major clinical genetics laboratories, the Oxford Molecular Genetics Laboratory (OMGL) and the Partners Laboratory for Molecular Medicine (LMM), which included 6179 HCM cases sequenced in up to 20 genes. 7 As expected, we confirmed a significant excess of variants in the eight main sarcomeric genes (and three genes associated with metabolic cardiomyopathies). The limited number of non-sarcomeric genes assessed in the clinical laboratories showed little or no excess burden of rare genetic variation, rendering their role in HCM uncertain. The Laboratory of Molecular Medicine have recently suggested that expanding gene panels beyond the 11 core sarcomeric and metabolic cardiomyopathy genes offers very little increase in test yield and sensitivity. 8 Indeed, combining the clinical genetics results from LMM and OMGL confirms that over 99% of variants classed as pathogenic or likely pathogenic by clinical grade criteria for HCM testing are accounted for by the eight core sarcomeric genes ( Figure 1 ). It remains to be determined what proportion of the genes recently implicated in HCM are valid disease genes. To begin to address the role of genetic variation in genes other than the major HCM genes, we sequenced a comprehensive panel of Figure 1 Proportion of HCM patients referred for clinical genetic testing (at OMGL and LMM) with Pathogenic or Likely Pathogenic variants. The percentage in parentheses refer to the total case excess over the frequency of rare variation in ExAC that is expected to reflect the actual yield for each gene (including variants classified as unknown significance shown in the check-patterned slices). The proportions were calculated according to the number of patients sequenced for each gene (up to 6179) and averaged for the three categories -other sarcomeric (ACTC1, MYL2, MYL3, TPM1), other HCM (CSRP3, FHL1, PLN) and metabolic cardiomyopathies (GLA, LAMP2, PRKAG2). Non-essential splice site variants are not included. Over 99% of pathogenic HCM variants occur in the eight core sarcomeric genes (MYH7, MYBPC3, TNNT2, TPM1, MYL2,  MYL3, TNNI3, and ACTC1 Table S1 for the list of genes analysed). As the primary focus of this study was the genetics of HCM, genes associated with syndromic conditions that include cardiac hypertrophy were not included in our analyses (see Results for details).
Sequencing of prospective hypertrophic cardiomyopathy cohort
Prospective patients with a diagnosis of HCM, confirmed with reference to established cardiac MRI (UK) and/or echocardiographic (Singapore) diagnostic criteria, underwent comprehensive genetic evaluation. 684, mainly Caucasian, patients were recruited by the Cardiovascular Biomedical Research Unit at the Royal Brompton Hospital, London and 120, mainly Chinese, patients at the National Heart Centre Singapore. For details on the sequencing panels and platforms used and the bioinformatics pipelines used to identify variants, see Supplementary material on line, Supplementary Note 2. Supplementary material online, Table S1 details the number of samples sequenced for each gene and the canonical transcripts used for analysis.
Exome Aggregation Consortium population reference data
Exome aggregation consortium comprises aggregated sequencing data from a variety of large-scale exome sequencing projects that have been reprocessed through the same pipeline, currently numbering 60 706 samples. Although ExAC is not strictly a control dataset, none of the constituent cohorts are expected to be enriched for inherited cardiac conditions, and we expect the frequency of pathogenic variants to be representative of the general population. Data were downloaded from the ExAC website (http://exac.broadinstitute.org, January 2015) [version 0.3, January 2015]. Rare variants were defined for this study as having a mean allelic frequency (MAF) of less than 1 Â 10 -4 in ExAC (as per our previous study based on the ExAC frequency of the most common HCM variant, MYBPC3:p.R502W)
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-this is a conservative cut-off that is not intended to define pathogenicity as such, but rather to ensure that all potentially pathogenic variants are included and to allow for the comparison of rare variant frequencies between different cohorts. Only protein-altering variants (i.e. missense, nonsense, frameshift, inframe indels, and essential splice site) in defined transcripts (see Supplementary material online, Table S1 ) and with high quality calling (PASS filter) were included in the analyses. To minimize any bias resulting from the potentially higher sensitivity sequencing in the HCM gene panel studies, the total number of ExAC samples per gene were adjusted based on the mean coverage at the variant sites of interest.
Analysis of published data
For the 31 non-core sarcomeric and non-syndromic putative HCM genes, published reports linking variants to HCM were identified from HGMD and Pubmed searches and analysed for data on the frequencies of rare variants in sequenced cohorts, family segregation, de novo variation, and functional validation studies. The maximum logarithm of odds (LOD) score for each gene was noted from published scores or estimates from reported pedigrees (only individuals with a HCM/LVH phenotype were included, the presence of the variant in phenotypically-negative individuals was tolerated due to the incomplete penetrance and late disease onset that is characteristic of HCM). At the variant level, individual variants that occurred in multiple cases (> 3) were analysed to assess if they were significantly enriched compared to ExAC (Fisher's exact test). Variants that were reported to be de novo in HCM patients were also noted.
Genetic data from hypertrophic cardiomyopathy clinical laboratories
We previously analysed genetic data from 6179 unrelated HCM index cases referred for clinical genetic testing at OMGL and LMM, sequenced in up to 12 non-sarcomeric genes. 7 See Supplementary material online, Table S1 for number of patients sequenced for each gene and http://cardi odb.org/ACGV/ for further details.
Comparison of rare variation between hypertrophic cardiomyopathy case cohorts and Exome Aggregation Consortium reference data
For each gene, the frequency of rare variation observed in HCM cases was calculated by dividing the number of rare variants by the total number of cases sequenced. Case frequencies were calculated for the cohort reported in this study, for each previously published cohort and for the combined data from our study, the clinical genetic cohorts and published reports. The case excess was defined by subtracting the rare variant frequency in ExAC from each of the calculated HCM case frequencies. To determine if any observed excess was statistically significant, a Fisher's exact test was performed with Bonferroni correction for multiple testing (31 genes, corrected significance threshold P = 0.0016).
Classification of hypertrophic cardiomyopathy genes
Genes were classified based on the evidence for their association to HCM from several sources-a significant excess of rare variation in the combined case cohorts versus ExAC (across genes or for individual variants), segregation of reported variants, the presence of de novo variants in cases, and published studies that assessed the functional effect of variants in cellular, tissue or animal models ( Figure 2 and see Supplementary mater ial online, 
Results

Genes associated complex/syndromic conditions including left ventricular hypertrophy
Variants in 51 genes are linked with HCM in the HGMD database, including eight robustly validated sarcomeric HCM genes, 31 nonsarcomeric genes reported as associated with isolated HCM, and 12 associated with complex phenotypes that may include LVH. Of the latter (see Supplementary material online, Table S3 ), five genes are robustly associated with metabolic conditions that can mimic and initially present as HCM and which are regularly included in HCM genetic testing (LAMP2, GAA, GLA, PRKAG2, TTR). Variants in two ion channel genes (CACNA1C and KCNQ1) have been identified in patients with mixed HCM and arrhythmia phenotypes but are suggested to be responsible for the arrhythmic rather than hypertrophic component of the phenotype in these cases. Variants in five genes (ACTA1, COX15, MRPL3, MYO6, and SLC25A5) are reported in other rare and complex disorders which mostly exhibit recessive inheritance patterns. While the metabolic genes should be included in HCM genetic testing, we have not included them in subsequent analysis as they are phenocopies and are not associated with classical, isolated HCM.
Validated sarcomeric genes
The eight core sarcomeric genes (MYH7, MYBPC3, TNNT2, TPM1, MYL2, MYL3, TNNI3, and ACTC1) are considered validated due to the detailed family linkage studies that identified them as HCM genes, hundreds of subsequent reports describing further pathogenic variants (many supported by functional and segregation data), the significant excess of rare variation observed in each gene when comparing large clinical cohorts to ExAC reference samples and the detection of multiple pathogenic variants by the clinical grade classifications employed by OMGL and LMM. 7 Supplementary material online, Table   S4 summarizes this evidence.
Putative hypertrophic cardiomyopathy genes
The 31 putative, mostly non-sarcomeric HCM genes that are the main focus of this study are listed in Table 1 , along with frequencies of rare variation in ExAC and HCM cohorts and summary of published segregation and functional data. See Table S5 for more detailed information on each cohort and published study and Table S7 for the list of rare variants detected in our prospective cohort. The frequency data and published evidence are also summarized in the scatter plot in Figure 3 .
Genes with some evidence for a primary pathogenic role in hypertrophic cardiomyopathy
We classified 11 genes as having strong (CSRP3, FHL1, PLN), moderate (ACTN2, CRYAB, FLNC, MYOZ2) or weak (MYH6, TNNC1, TRIM55, TRIM63) evidence for a primary pathogenic role in HCM based on significant excess of rare variants and supporting human genetics data as outlined in Figure 2 and Supplementary material online, Table S2 . A significant excess of rare variants in the combined HCM cohorts over ExAC was observed in three genes that had additional supporting human genetic evidence, though the excess of variants was less than 1% for each gene. CSRP3 (Z-disc) had an excess of 0.58%, ). An excess of 0.18% was observed in TNNC1 (sarcomere) but it fell just below the Bonferroni corrected P-value (P = 0.0017) due to the rarity of Summary of rare variant frequencies in putative HCM genes in HCM cases and reference population samples (ExAC). The frequency of rare variants is displayed for ExAC, the prospective HCM cohort sequenced in this study, the clinical sequencing cohorts, 7 published cohorts and the combined data (this study, clinical sequencing and published data).
A Fisher's exact test compared the burden of variation between cases (combined data) and ExAC (n/s = not significant, *= P < 0.05, **= P < 0.0016 correction for multiple testing threshold, ***= P < 0.0001). Maximum LOD scores, reports of de novo variants and individual variants with significant excess over ExAC are also noted from published studies. See Supplementary material online, Table S5 for full details and Supplementary material online, with strong supporting evidence. However, the high case frequency (in 8/92 probands) was inflated by sequencing only sarcomericnegative patients and given the relatively high frequency of rare variants in the population (3.2%), more study will be required to characterize the role of FLNC in HCM patients. In contrast, although no excess was observed in Z-disc genes ACTN2 and MYOZ2, variants in these genes have been reported to segregate in relatively large pedigrees, [12] [13] [14] indicating that specific variants may indeed be causative for HCM, though the maximum LOD scores are below the threshold of 3 that typically defines a significant association (ACTN2-2.89, MYOZ2-2.03). While specific variants may be linked with disease in these families, most variants detected in these genes will represent background, non-disease variation (rare variant frequency in ExAC of 1.1% in ACTN2, 0.26% in MYOZ2). Alternatively, it is possible that while the loci identified in these linkage studies are associated with HCM in these families, the true disease-causing variants are actually in alternative genes at the loci.
Three genes display a significant excess in cases but, in the absence of any other genetic or functional evidence, their role in HCM remains uncertain. In MYH6 (rare variants detected in 3.8% of cases vs.
2.5% of individuals in ExAC), the high background rate of variants relative to cases makes variant interpretation extremely challenging and renders any finding in a clinical setting essentially unactionable. An excess of variants in TRIM55 and TRIM63 have been reported in HCM cases where they were proposed as putative modifiers. 15 However, the case frequency in our cohort was substantially lower than the published report (1.5% vs 2.4% and 1.0% vs 2.0%, respectively) and not significantly in excess over ExAC.
Functional data only
A number of genes have been reported as putative novel HCM genes, with rare variants identified in patient cohorts that are supported by functional effects in cellular and animal models. For example, rare variants in the Z-disc gene MYPN are detected in 1.5-2.0% of HCM patients, with mice expressing the p.Y20C variant reported to develop a HCM phenotype. 16 However, this variant is too common to be a primary pathogenic variant (occurring in 111 individuals in ExAC) and the frequency of rare MYPN variants is similar in case and population cohorts. Similarly, several studies have demonstrated effects of variants in ANKRD1, CAV3, JPH2, KLF10, NEXN and TCAP on animal models and various cellular assays (see Supplementary material online, Table S5 ). However, as these genes have no variants with evidence of segregation in families (LOD > 1) or an overall excess of variants in cases, a primary role for them in HCM cannot currently be supported. Genes with no convincing evidence of association to hypertrophic cardiomyopathy For eight genes, there is currently no evidence that the variants that have been associated with HCM have any clinical effect and are more likely to represent background variation. These include genes where reported variants are too common in ExAC (MAF > 1 Â 10 -4
) to be pathogenic (LMNA, OBSCN, SRI), genes with rare variants frequencies in HCM cohorts similar to ExAC (CALR3, CASQ2) and a gene (VCL) where the functional effect observed in patients with variants (a marked reduction in vinculin protein levels observed in intercalated discs in the patients' myectomy samples 17 ) appears to be a general feature of HCM regardless of genotype. 18 
Clinical characteristics by genotype status
Patients with rare variants in valid HCM genes were significantly younger, had a greater family history of both HCM and sudden cardiac death and larger maximum LV wall thickness than both genotype negative patients and patients with rare variants in other analysed genes (see Supplementary material online, Table S6 ).
Discussion
Since the initial linkage studies of the 1990s implicated sarcomeric genes in HCM, years of genetic research have reported over 40 additional putative gene associations. However, these findings have had little impact of clinical genetic testing for HCM, with over 99% of pathogenic variants occurring in established sarcomeric genes and two-thirds of referrals for genetic testing lacking a positive genetic result. To robustly address the apparent paradox of many more genes implicated but very little increase in overall genetic burden explained, we sequenced 804 HCM patients across a comprehensive panel of putative HCM genes, compared the observed variation with a systematic assessment of background population variation and reassessed published data in light of new insights offered by ExAC.
Our findings demonstrate why sequencing of non-sarcomeric genes has not improved the yield of HCM genetic testing. An excess of variants was observed in only four genes (CSRP3, FHL1, PLN, TNNC1) that are plausibly pathogenic for HCM, with these genes estimated to yield disease-causing variants in less than 2% of cases overall. FLNC is likely a bona fide HCM gene, though the prevalence of pathogenic variants remains uncertain. For the other 26 putative HCM genes, there is little or no excess rare variation over ExAC, indicating they are either very rarely causative for HCM (with the high background variation rendering novel variants uninterpretable in the absence of extensive functional or segregation data) or that the associations were erroneous, based on candidate gene studies that did not appropriately control for the background rare variation rate in the population.
The lack of a significant case excess does not necessarily exclude a role for a gene in Mendelian diseases like HCM. Putative pathogenic variants have been identified through linkage analysis and/or segregation in relatively large pedigrees in ACTN2 12,13 and MYOZ2 14 even though no excess of rare variants are observed in cases across these genes. However, even if these reported variants are disease-causing, other variants in these genes are expected to be very rarely associated with HCM, with the majority detected in cases likely to represent benign background variation. Confirming variant pathogenicity in such genes would require strong evidence of segregation in affected families, which is rarely available or pursued and precludes one of the main benefits of genetic testing-the predictive screening of family members with an undetermined phenotype. Clinical sequencing is therefore of very limited utility, as only specific well-characterized variants are actionable, with all other variants likely benign or uninterpretable. It is also notable that, at least in HCM, genes with a significant excess in cases account for the vast majority of known pathogenic and almost all clinically actionable variants.
In this study, we did not consider data on functional characterization as reliable evidence for a gene's involvement in HCM. Although cellular, tissue and animal model assays are valuable tools to evaluate the effects of genetic variants in established disease genes, there are several issues with using functional data to associate novel genes with HCM, including a lack of assay standardization and uncertainty about the translation of findings from laboratory to clinic. It is now apparent that some variants that produce clear HCM phenotypes in animal models are present at too high a population frequency to be fully penetrant pathogenic variants, e.g. MYPN:p.Y20C 16 Genes with a demonstrated functional effect for variants identified in HCM patients, but lacking in case excess or evidence of segregation in families, were highlighted as a distinct group in this study. Without this human genetic evidence, a primary pathogenic role for these genes cannot currently be justified and they will yield inconclusive results if included in genetic testing. It remains possible that, given their observed effect on in vitro and in vivo assays, rare variants in these genes may have some clinical role and could act to modify phenotypic expression in the presence of sarcomeric variants (as has been suggested for rare variants in the TRIM63 and TRIM54 genes 15 ) However, studies on the effect on clinical phenotype of variants in these genes, in large family pedigrees or patient cohorts, would be needed to verify any such function.
This study used sequencing data from a variety of sources and platforms to compare variation in cases and the general population, with the differing sensitivities (particularly the exome sequencing of ExAC) a potential limitation of the analysis, though the ExAC frequencies were adjusted to account for variable coverage. Similarly, the combined case cohorts we used were derived from a variety of sources, including our data, clinical sequencing, and numerous published studies. While these would ideally be sourced from one study or laboratory to control for any technical confounding factors, maximizing the number of case samples is essential to accurately assess overall variation in highly constrained genes. Pending universal application of a comprehensive sequencing strategy to a single cohort of many thousands of patients, this type of meta-analysis provides the best opportunity for a thorough assessment of the role of genes in rare diseases like HCM. Based on the characterization of the role of non-sarcomeric genes in HCM described in this study, we recommend that tests should currently be restricted to the eight core sarcomeric genes and CSRP3, FHL1, FLNC, PLN, TNNC1, as well as metabolic cardiomyopathy genes and possibly ACTN2 and MYOZ2 (though with the caveats on variant interpretation described above). The utility of genetic testing in HCM depends not only on the efficient identification of pathogenic variants but also reducing the uncertainty associated with detecting variants of unknown significance and the potential expense of investigating these, e.g. for samples sequenced as part of the 100 000 Genomes Project by Genomics England.
We have shown how candidate gene studies, if not properly controlled for the level of rare variation present at gene level in the population, can lead to erroneous genetic associations and demonstrated how datasets like ExAC can be used to overcome this. We also highlight the necessity for further evidence, particularly the segregation, or lack of it, of variants in affected families, to further clarify the role of the putative HCM genes described here. Resources like ClinVar, 20 an archive of the clinical significance of human variation based on submissions by the medical genetics community, and ClinGen, 21 which seeks to systematically evaluate the evidence for gene-disease relationships, will be critical in this regard. Finally, the findings underline the need for the discovery of additional genetic, epigenetic, and environmental causes of HCM that explain the large proportion of cases of unknown aetiology.
